These results indicate that the immediate progenitor of SN 2014cx is likely a red supergiant star with a mass of ∼ 10 M ⊙ .
Introduction
Type IIP supernovae (SNe IIP) represent the most common subtype of stellar explosions, constituting about one third of all SNe (Li et al. 2011 ). This subtype of SNe is thought to arise from core-collapse (CC) explosions of massive red supergiants (RSGs) with an initial mass of 8-25 M ⊙ according to theoretical models of stellar evolution (Heger et al. 2003) . On the other hand, direct analyses of supernova position on pre-explosion images give a much narrower range for the progenitor mass, e.g., 8.5-16.5 M ⊙ (Li et al. 2007; Smartt 2009 ). Compared to other CC SNe, SNe IIP are characterized by prominent hydrogen features in their optical spectra (e.g., Filippenko 1997) and an extended plateau phase in their light curves. During the plateau phase, their luminosity remains almost constant as a result of the energy balance between the hydrogen recombination and expansion cooling.
The plateau feature distinguishes SNe IIP from the Type IIL subclass, for which the light curve exhibits a linear decline (in mag day −1 ) after the peak (Barbon et al. 1979 ).
Recent statistical analyses show that the light-curve properties of SNe II may have a continuous distribution (e.g., Anderson et al. 2014; Sanders et al. 2015; Valenti et al. 2016 ), although there are also studies suggesting a distinct division between type IIP and IIL SNe (Arcavi et al. 2012; Faran et al. 2014a,b) .
Over the years, numerous SNe IIP have been well studied, such as SN 1999em (Leonard et al. 2002) , SN 2004et (Sahu et al. 2006) , SN 2005cs (Pastorello et al. 2009 ), and SN 2013ej (Huang et al. 2015) . These studies reveal a large spread in luminosities, plateau durations, expansion velocities, and nickel masses for SNe IIP (e.g., Hamuy 2003) , which can be well understood with current explosion models (e.g., Kasen & Woosley 2009; Dessart et al. 2010; Pumo & Zampieri 2011 . Nevertheless, early time observations are still sparse for SNe IIP, which are vital to constrain the explosion time and hence determine the properties of their progenitor stars (Nadyozhin 2003; Smartt et al. 2009 ). In particular, very early light curves of SNe IIP may be affected by a short, sharp blast of light as a result of shock breakout of the stellar surface, as predicted in core collapse explosion of massive stars (Falk & Arnett 1977; Klein & Chevalier 1978) . SN 2014cx represents such a CC SN that is captured within about one day after the explosion.
SN 2014cx was independently discovered on UT 2014 Sept. 2 by Nakano et al. (2014) and Holoien et al. (2014) in the nearby SBd galaxy NGC 337. Based on the astrometry from the USNO-A2.0 Catalogue (Monet 1998) (Holoien et al. 2014) . SN 2014cx was reported as a young SN II based on both optical (Elias-Rosa et al. 2014) and near-infrared (NIR; Morrell et al. 2014 ) spectra taken at about one day after the discovery. It was further classified as a Type IIP event according to the photometric observations by Andrews et al. (2015) . We note that another SN IIP, SN 2011dq, also exploded in NGC 337. The distance to NGC 337 is estimated to be 18.0 ± 3.6 Mpc (distance modulus µ = 31.27 ± 0.43 mag) by the Tully-Fisher method (Sorce et al. 2014 ); here we adopt this value for SN 2014cx.
In this work, we present the results of our optical and UV observations of the type IIP supernova SN 2014cx that was discovered at a very young age. The observations and data reduction are addressed in Section 2, the photometric and spectroscopic evolution are described in Section 3 and 4, respectively, and analysis of the progenitor properties of SN 2014cx via the photospheric temperature cooling curve and hydrodynamical modeling is given in Section 5. The main results are summarized in Section 6. All of the images were reduced with standard IRAF 1 routines. Point-spread function (PSF) photometry was performed on TNT and LCOGT data using the SNOoPy package 2 .
KAIT data were reduced using a PSF-based image-reduction pipeline (Ganeshalingam et al. 2010 ). The SN instrumental magnitudes were calibrated using 15 field stars (marked in Figure 1 ) from the Sloan Digital Sky Survey (SDSS) Data Release 9 catalog (Ahn et al. 2012 ) and transformed to the Johnson system. The magnitudes of the reference stars are listed in Table 1 . The final flux-calibrated optical magnitudes of SN 2014cx are shown in 
Swift Ultraviolet Observations
In addition to the ground-based observations, SN 2014cx was also monitored with the Ultraviolet/Optical Telescope (UVOT; Roming et al. 2005) on board the Swift spacecraft through the uvw2, uvm2, uvw1, u, b, and v filters. The UV observations began on 2014 Sep. 3 and ended on 2014 Oct. 24 . The data were obtained from the Swift Optical/Ultraviolet Supernova Archive (SOUSA; Brown et al. 2014) . The reduction method for UVOT photometry is based on that of Brown et al. (2009) , which includes aperture photometry after subtracting off the underlying galaxy count rates, and adopting the updated zeropoints and time-dependent sensitivity from Breeveld et al. (2011) . The final UVOT photometry of SN 2014cx is presented in Table 5 .
Spectroscopy
The spectroscopic monitoring campaign of SN 2014cx started on 2014 Sep. 7 and continued for ∼ 400 days. Fourteen low-resolution optical spectra were obtained using the LCOGT 2 m Faulkes Telescope South (FTS; with FLOYDS), the Xinglong 2.16 m telescope (with BFOSC), the Lijiang 2.4 m telescope (with YFOSC), the LCOGT 2 m Faulkes Telescope North (FTN; with FLOYDS), the GEMINI North Telescope (GNT; with GMOS), and the Keck-I 10 m telescope (with LRIS); see Table 7 for the detailed information on the spectroscopic observations.
The spectra were all reduced in a standard manner using various tasks within IRAF. After the preliminary reduction (including bias/overscan correction, flat fielding, and cosmic-ray removal), the one-dimensional spectra were extracted using the optimal extraction method (Horne 1986 ). Wavelengths of the SN spectra were calibrated using the Fe/Ar and Fe/Ne lamp spectra. For the FLOYDS spectra, a Hg/Ar lamp is used for wavelength calibration. The spectra were then flux calibrated using the instrumental sensitivity curves of spectrophotometric standard stars observed on the same (or nearby) night and with the same instrumental setup.
Photometric Analysis

The Early-Time Evolution
With modern high-cadence surveys, we are able to detect young SNe and trigger follow-up observations immediately. Such early-time detections help constrain the explosion properties and (with luck) even reveal shock breakout, which often happens hours after explosion (Quimby et al. 2007; Schawinski et al. 2008; Tominaga et al. 2009; Gezari et al. 2015; Garnavich et al. 2016; Dhungana et al. 2016 ).
The field of SN 2014cx was monitored daily by KAIT in the clear band (i.e., unfiltered) before the explosion, leading to the earliest detection of this object after the explosion. by more than 4 mag over the first 1.5-2.0 days, and it then dimmed and rebrightened toward the primary peak at t ≈ 20 days. This trend is actually more prominent in the early-time evolution of the LCOGT r-band light curve (see Figure 2) , with a noticeable dip occurring at t ≈ 10 days after explosion. Such a behavior is also seen in the comparison object SN 2006bp (and possibly SN 2013ej), which is likely related to the shock breakout of the supernova surface and its cooling phase (Quimby et al. 2007 ). Figure 3 shows the multicolor photometric evolution of SN 2014cx during the period from t = +1 to t = +380 days after the explosion. At the earliest phases, the light curves exhibit a rapid rise in the UV and optical bands, but with a slower pace at longer wavelengths (see Table 6 ). By fitting a low-order polynomial to the data around maximum light, we determine the magnitudes and corresponding dates at peak brightness.
Overall Evolution of the Light Curves
These results are also presented in Table 6 . We note that the rise time in the B band is ∼ 8 days, which agrees well with the statistical result from a large sample of SNe II (González-Gaitán et al. 2015) .
One can see from Figure 3 that the UV light curves show rapid post-peak declines, with slopes of 0.16, 0.23, and 0.25 mag d −1 in the uvw1, uvw2, and uvm2 bands, respectively.
The optical light curves, in contrast, drop slowly and settle to the plateau phase. A decline rate of β B 100 = 2.5 mag is measured for the B-band light curve over the first 100 d after maximum light, consistent with the typical value obtained for normal SNe IIP (i.e., β B 100 < 3.5 mag; Patat et al. 1994) . The V -band brightness declines by ∼ 0.2 mag in the first 50 days after the peak, which also falls into the SN IIP group according to the criterion of Faran et al. (2014b) . For SN 2014cx, the plateau phase lasts for ∼ 100 days, and its brightness stays roughly constant, especially in the V rRiI bands.
After the plateau, the SN 2014cx experiences a sudden drop in brightness in all optical bands, with magnitude declines of 1.5-2.0 mag in ∼ 20 days. To derive the parameters about the transitional phase, we fit the V -band light curve using Eq.(4) from Olivares et al. (2010) . The middle date of the transition phase, t PT , is found to be ∼ 109 d, and the width of the transition phase is ∼ 7 d. During the tail phase (i.e., t ≈ 130-170 days), the decline rates in B, V , R, and I are measured to be 0.42, 0.95, 1.09, and 1.13 mag (100 d) −1 , respectively. These values are similar to those of normal SNe IIP such as SN 1999em (Elmhamdi et al. 2003) . In the V and R bands, the decline rates are found to be comparable to the values expected for the radioactive decay, 0.98 mag (100 d) −1 (Patat et al. 1994 ).
This indicates that the gamma-ray photons were effectively trapped in the ejecta at this phase. After t ≈ 170 days, the light curves tend to show slower decline rates relative to the earlier nebular phase. For example, the decline rate of B-and V -band light curve is measured to be 0.32 and 0.65 mag (100 d) −1 during the period from 170 days < t < 320 days. And this decay rate is found to be 0.46, 0.85, and 0.81 mag (100 d) −1 in gri bands at similar phase. This slower evolution can be due to interaction of SN ejecta with the circumstellar materials surrounding the SN or a scattered light echo (see discussions in §4.1).
Color Curves
The Galactic reddening in the direction of NGC 337 is E(B − V ) MW = 0.10 mag (Schlafly & Finkbeiner 2011) . We didn't detect any significant features of Na I D absorption produced by the host galaxy in our 14 low-resolution spectra, suggesting that host-galaxy reddening might be negligible for SN 2014cx. As an alternative, we also use the color method proposed by Olivares et al. (2010) to estimate the reddening due to the host galaxy. This method assumes that the intrinsic V − I color of SNe IIP is constant (i.e., (V − I) 0 =0.656 mag) toward the end of the plateau. After correcting for the Galactic reddening, the V − I color of SN 2014cx is found to be 0.596 mag at t = 79 days, which gives a negative host-galaxy extinction for this object. Thus, we adopt E(B − V ) tot = 0.10 mag in the following analysis, which corresponds to a total line-of-sight extinction of A V = 0.31 mag assuming the ratio of total to selective extinction R V = 3.1 (Cardelli et al. 1989 ).
The reddening- 
Bolometric Light Curve
To derive the bolometric luminosity of SN 2014cx , we first convert the extinctioncorrected magnitudes in different bands to flux values at the effective wavelength, and then integrate the combined flux over wavelength. The luminosity can then be calculated using the integrated flux and a distance of 18 Mpc (see Section 2). During the first 50 days, when Swift UV photometry was available, we integrated the UV flux and extrapolated it to the optical flux. As the UV flux decreases quickly, we assume that the UV contribution to the bolometric flux is marginal in the late plateau phase and negligible ( 1%) during the nebular phase (e.g., Dall'Ora et al. 2014) . Owing to the lack of NIR data, we estimate the tail luminosity using Equation 3 in Maguire et al. (2010) , where a bolometric correction of 0.33 ± 0.06 mag is adopted. Figure 5 shows the UV-optical-NIR ("UVOIR") bolometric luminosity curve of SN 2014cx. One can see that it reached a peak of log [L peak bol /( erg s −1 )] = 42.47 at ∼ 3 d after explosion. In Figure 5 we also compare the UBV RI quasi-bolometric luminosity of SN 2014cx with that of some well-studied SNe IIP. It is readily seen that the luminosity evolution of SN 2014cx is similar to that of SN 2004et and SN 1999em but lies between these two objects in the early and plateau phases. In the nebular phase, we note that the tail luminosity of SN 2014cx is apparently higher than SN 1999em and even slightly higher than SN 2004et, suggesting that a relatively larger amount of nickel may be synthesized in its explosion (see discussion below). (2003) At t ≈ 6 days, the spectrum is very blue with a blackbody temperature exceeding 10 4 K. The prominent features at such early phases are Balmer lines and He I λ5876 with broad P-Cygni profiles. At t ≈ 17 days, the Fe II λ5169 absorption feature is visible, and it becomes stronger by t ≈ 21 days along with Fe II λ5018. The Na I and He I lines are also detectable at t ≈ 21 days, and both features grow stronger thereafter. (Inserra et al. 2011) . For the light-echo scenario, the echoed light should come from earlier phases when the spectra were blue, and the scattering is more efficient at shorter wavelengths. However, the negligible extinction estimated for SN 2014cx in Section 3.3 implies that the CSM potentially causing the light echoes is in the opposite direction of SN 2014cx. In the case of CSM interaction, we can also see a hint of narrow Hα emission in the spectrum at t ≈ 404 days.
In Figure 8 , we compare the spectra of SN 2014cx at about one week, 50 days, and one 
Expansion Velocities
We measured the relativistic Doppler velocities of the Hα, Hβ, Fe II λ5169, and Sc II λ6245 lines during the photospheric phase by fitting a Gaussian function to their absorption minima. The velocity evolution of these ions is shown in Figure 9 . One can see that the velocities of hydrogen lines are higher than those of metal lines; the hydrogen lines have a lower optical depth and thus are formed at larger radii in the ejecta. The velocities seem to decline with an exponential trend.
To examine the differences of photospheric velocity between SN 2014cx and other SNe IIP, we compared the velocity as measured from Fe II λ5169 line. As shown in Figure 
Progenitor Estimates
Radius of Progenitor
For CC SNe, following the shock breakout, the heated stellar envelope expands and then cools down. The different timescales of photospheric temperature evolution depend mainly upon the initial radius of the progenitor and the opacity. A simple analytic function has been proposed by Rabinak & Waxman (2011) to estimate the radius of the progenitor of CC SNe using the early-time temperature evolution. Theoretically, the duration that the photosphere can stay at a higher temperature depends on the radius of progenitor star, with longer time for a progenitor with a larger radius (and vice versa).
We constructed the spectral energy distribution (SED) and computed the blackbody temperatures using the Swift UV and optical data obtained during the first week after explosion. The luminosity and temperature can then be used to constrain the radius of the progenitor star by using Equation 13 Thus, we fit the early-time g-band light curve of SN 2014cx and obtain the rise time as t rise = 7.90 ± 0.10 days. Inserting this value into the rise time-radius relation, we estimate the radius of the progenitor to be 619 ± 10 R ⊙ .
Hydrodynamical Modeling
In this subsection, we further determine the main physical parameters of SN 2014cx and its progenitor (i.e., the explosion energy, the radius of progenitor star, and the ejected mass) using a method of hydrodynamical modeling. This method uses the SN observables (i.e., the bolometric light curve, the velocity evolution, and the temperature of the continuum obtained during the photospheric phase) as input parameters to constrain the physical properties of expanding ejecta and the evolution of SN observables (from the shock breakout up to the nebular phase) using the general-relativistic, radiation-hydrodynamics code. This technique has been successfully applied to the studies of numerous SNe IIP, including SNe 2007od, 2009bw, 2009E, 2012A, 2013ab, and 2013ej (Inserra et al. 2011 Pastorello et al. 2012; Tomasella et al. 2013; Bose et al. 2015; Huang et al. 2015) . Details about this hydro-dynamical model are well described in Zampieri et al. (2003) We further compare our light curves and spectra with those from Kasen & Woosley (2009) , and we found that our parameters generally fall into the range of their Table 2, except that we have a smaller nickel mass (0.056 M ⊙ vs. 0.1-0.5 M ⊙ ). This difference is likely due to that their numerical models use larger main sequence masses (12-25 M ⊙ ) than our hydrodynamic modeling results (9.5-10.0 M ⊙ ).
The evolutions of three observables (luminosity, velocity, and temperature) and the modeling results are shown in Figure 12 . As it can be seen, the modeling reasonably match the observed luminosity/temperature except at early phases where a larger deviation is seen in luminosity. This deviation is likely due to that the density profile in the radial direction of the outermost ejecta cannot be well produced by our simulations (Pumo & Zampieri 2011) .
In the middle panel of Figure 12 , we note that there is also a small ( 10-15%) discrepancy between our best-fit model and the observed photospheric velocity. This discrepancy may be attributed to a systematic shift between the true photospheric velocity and the values estimated from the observed P-Cygni line profiles (Dessart & Hillier 2005) . This can be explained with the fact that the optical depth is higher for spectral lines relative to the continuum, which can place the line photosphere at a larger radius (see also Inserra et al. 2013 ).
Discussion and Summary
In this paper, we present extensive UV and optical photometry and optical spectroscopy 
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